(lUSA-CB-1ti90U6j CUBflJSUBPZlCB AMO MM2-2S914 

BBAC710NS OM CLUSlKftS Ok NICKEL AICNS 
(HoctbWtttftecii Uolv.) 22 p UC A02/HP A01 

CSCl 20H Uiicias 

GJ/72 22708 


oiadNM.MaB0 

or POOR QUMirr. 






CHSLSCS3T1CS KEACTZOCS Oti CLUSTZaS OF XTCKEI. 

J. T. Haber, H. Adachi^, and T. 0toa) Ya 

Heterials Scletxe Oepertaent 
Xorttvestara Ctilversi^ 

Evanstoa, II. 60201 


ABSTBACT 

Kecent vltii collebcrators Fraidc inrerill, Dtm 

SUis, ead Eon indiceced thac several thicss occur as an atoe 

'or a eolecule approaches a surface. First, scbst?ttCial shifts 
occur in die electronic levels o£ the snlecble aad are dependent 
<m the bei^t azd orientation of the aolecule above the surface 
cluster. Second, related shifts also occur sixen Che basis set 
intiuces oroitnls fros f — nickel atttr pi-* •■*•* »*'•« 

of the c»lecules. Ihird, as indicated by our population analysis, 
charge transfer £ros the laetal occurs in the several cases studied 



CO date.^^^^^^ Fourth, idien charge transfer occurs, all of the 
energy levels of the cluster are shifted but Che individual shifts 
are not uaifora.^^^^^^ 

In order to laake reasonable cooparisons vidi esperiatencal 

results such as fros photo-eciission spectra aad ESCA data, the 

effect of retnving a fraction of an electron froa various parts of 

C3) 

the cluster has been investigated * since such a change in Che elec* 


cron population Influences all of the energy levels of the cluster. 


'^Research support provided in part by a grant froo the «atianal 
Aeronautics and Space Adniniscrcticn and by the Materials Research 
Center of llcrthwcsccrn University 

'^Visiting scholar iron Osaka University 
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ILis is die so-called cclaxetiMi effect. In Slater's tbeot]r ot 
^ transition state,^^ the xenoval of only half an elactzoa does 
giae yield ioniaatioa potentials for atoM* Several peaseriptioos 
have been used uhich differ in the atonic portions of the cluster 
froB ahidi the electron is rcooved. 

In order to provide additional insighc into the behavior of 
snail netal particles, several clusters of different ijimitr^ 
conraining five to nine nickel atoos have been studied. 10 pat 
it briefly, it was found chat ^e er .rgy xangfi of prinarily d-li]te 
states is not significantly different from the*widcfa of the d-band 
in nickel eetal, as long as the interatoaic distance was coaparable 
tc that in the bulk ceral. 


ISTHODgCTIOS 

It is appropriate to discuss two separate issues in diis 
lecture [es veil as the interaction between them]. Ihe first is 
the nucleation and g ro w t h of metallic clusters on a substantially 
aoaorifrfious substrate; this will be cemfined to geocetrical and 
electronic structure of the clusters. Ihe second is die approach 
of one or more molecules to the cluster; this will be exemplified 
by either the hydrogenation of acetylene, or the reverse reaction, 
namely the dehydrogenation of ethylene. The one-electron energy 
levels in both the approaching species and the cluster are affected 
by the distance separating the cluster and molecule. They are also 
affected by the relative orientation of the molecule even when the 
overall sysraetry is unaffected. This arises from the fact that for 
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the total cluster (coosistijig of the oetallic atoos plus those 
in Che aolecule) possessing a sy aa e try such as C 2 ^» sexy fev 
degeneracies ace required. 

An analysis of carbon socoside approaching a cldial cluscer 
vas reported recently Strong evidence vas obtained that 

electcon transfer did occur fcoa the nickel uhen a level, uhich 
oas eapty in the free aolecule, was brou^c down into the vicinity 
of Che Ferai level by the pcoxiBity of Che nolecule and aecallic 
cluscer. This process has been scudied in greacer decail for Che 
adsospcion of 03^*gea and sulphur on a (100) nickel surface and the 
conclusion coacesnitig eleccron transfer suppocced by chose self* 
consiscenc charge calculacions.^^^^^^ Space does not percale us 
to discuss the r<ethod of eskieg chese calculacincs. The inceresced ' 
reader is referred to several recent papers5^^^^^^^^ The results 
are in reasonable agreereac with eaperiiaeacal daca, although sone 
caution susc be exercised since the physical changes i^cessary to 
bring about the photon-esission in UPS and fortiori in IXS have 
not been incorporated into this oodel, or in any laodel of vfaich 
the authors arc aware. These results lend credibility to the con- 
clusions drawn froa the infoxcation on ethylene and acetylene which 
will be presented below even though the latter are not self-con- 
sistent since the conclusions "predicted" froa similar non-self- 
consistent results with 0 , S and CO were borne out. These should 
be regarded as plausible results asseabled for this lecture before 
the full story is known. 



OWCIMAL PAGE IS 
OF POOR QUALITY 


Page 4 


J. T. Vabar, H. Adachi. T. Yu 

M5TAL CLUSTE8S 
Hm loag^standing pxobleas ot micleatloa and g ro w t h have 
bcea studied extensively but principally in terns of thamodynanics 
and reaction kinetics of the phenoeena. There are several excellent 
reviews of this topic. A central precept of the conventional 
treatnent of heterogeneous nucleation is that one can nse the co- 
hesive energy per atoa (E^/atoc) obtained for the bulk netal to 
calculate the ”ckesical** or voluae contribution to the free energy 
of an K atoa cluster and can treat the surface energy as a 
quantity to be obtained principally fron *an analysis of extecslve 
experixeatal vcrk on kinetics of nucleation and growth. The ex- 
periret.tal value of the surface cner^*, so obtained froa data 

#o\ 

0.45 £- for r»st oecals and as- low as approxieately 0.32 E. for 

C V 

cooplex systezis. This result is striking. In the bond-breaking 
nodels, a surface atoa has only lost four of its 12 nearest neigh- 
bors ^on a high sycaetry plane of a FCC structure: a coiaparable 

figure applies to BCC strictures). By losing only about 25 per 
cent, of its nearest neighbors, an atoa loses note than 55 per cent, 
of its binding or cohesive energy. This suggested to the authors 
that the equilibriue spacing in sxall clusters should be investigated. 
What follows is a p trtial account of this lead. 

There are four or five approaches to interaroaic potentials 
with which to evaluate the gcocetrical structure of a cluster. The 
first is the ^2orsc pocencial. Its two coefficients are chosen to 
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give good fic vich experiaeacal daca on leterfaces^ The 

second is the general algebraic approach (in general, a sixth 

degree polynoaial)^^^^ such as Johnson and Vllson used. Bare the 

increased oucber of coefficients peraits one to obtain a nxch 

better fit by using various kinds of experinental data such as 

phonon spectra, neutron diffraction, co^ressibility, etc. A 

diird version is the ((uantusi Bechanical approach adopted by 
/ 12 ) 

and by Rao vho used the psendopotential aethod vhich vas sub- 
sequently nodifled by a ttyaanic dielectric response of the aediua. 
Aldwu^ this approach is strai^tfozward, in practice aany approx- 
imations and correction factors had to be* applied to obtain good 
agree::ent with daca. :-:ost of the tactics axe reviewed in an 
earlier Battelle Colloquiua on Interatcnic Potentials and Simulation 
ox i«accice uefects. As a general, scaceseac, cne acooic positions 
and the relative energy of a variety of lattice defects are found 
fairly well for three or four cetals but fail to lead to good 
results for others, such as transition metals. Thus, great re- 
liability cannot be claicsed for the predictive power tdicn one or 
two pieces of experimental daca may cot be available, i.e. the 
coefficients do not lend themselves to an independent evaluation. 

Ideally the fourth approach, i.e. the use of the Hellman- 
fl3) 

Feynman theorem, should be the best quantum mechanical method 

for calculating the interatomic forces since it takes all of the 

interactions, inter-electxonic, clectronic-ionic and intcr-ionic, into 
C14> 

account. Slater has shown chat chc multiple scactcrlng-scaled 
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exchaage method OSX::) of makixvs aolecailar ealealaclon developed 
by K. Johasoa aad Slater together viUi their collaborators ^^^^caa be 
vlgorou3ly*applied If a slagle value of a ia used as the scaling 
parameter throu^out the tegica of iaterest. Applleacioa of the 
Bellziaa-Feyim^aa theory to molecules has not led to good results as 
Deb^^^^ noted in a recent reviev. At this stage, the difficulty 
shears to be in the <pialicy of the wave functions available for 
molecules which involve even a small z. Jndaer of electrons. IRiile 
die use of MSKo orbitals in evaluating the Bellmaa-Feynmaa theorem 
is being actively purs>ie<i in several laboratories5^^^ it is pre- 
mature to decide chat it is sufficiently ^liable for the present 
purposes. 

4 fiftl* hae f»a«n Waber.^^^^ Zt i? ? 

C19) 

modification of the SMthod developed by Frohlich' ' for calculating 

die cohesive energy cf alkali metals and extended by Raines 

to polyvalent metals.. Vaber^ * recently xre{e>rted an' evaluation of 

the Fzohlich 'Raines -sethod for a relatively large number of metals 

subject to the lit3l~acion that there is only one adjustable parameter 

and this was to be independently found from the n^^ ionization 

potential vhere n is integral nuc&er of free or conduction electrons 

( 22 ) ( 23 ) 

assumed for each metal. Bolsaitis et al. have used a ruch 

more partsoeterized version of this basic theory which they have 
labelled the Electron Cell Theory. They have obtained very good 
agreement with thermodynacic data of solid solutions of the noble 
metals Cu, Ag and Au as veil as for these three unalloyed metals. 
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ic vaa nocad la die arclele by Johaaoa aad Vllson' * that 
gold was a particularly latarastliig test case since the previous 
IntaratoDic potentials could not dlscrialnate hetveen the stability 
of various types of lattice devects In gold on the basis of their 
energy. The agreeaent of the shock-vave data on gold with tlMt 
calculated by eeans of the FtShllch*RaiBes (FR) audel was not par- 
ticularly good as TM>ted sotae years ago In a preliainazy report by 
Larson and Uaber. However, substantially Inproved agreeraant 
could be obtained by including a Bom-Hayers type of repulsive teia, 
naaely b e^rp(-s^^/c^), to cake account of .the interaction between 

/ 95 ) 

neighboring loa-coccs; the original FS. theory assumed chat they 
are ncglisibly s-ill. 


Rijccntly Vu a:id 


.. . f 26 ^ . 




two dix2cr.aion5l arrays of alurtinua and gold. The (100) arraageaunt 
of 49 atoms cr.u atoo Chick was very sensitive to the potential used 
and in sc-r-e cases involving the potential £or“ Al vas dynamically’ un- 
stable, whereas die hexagonal arrangement characteristic of the (111) 
plane vas stable. Similar studies have been carried out for gold 
as well as studies of a variety of lattice defects such as crowdions 
and split interstitials; these results will be reported elsewhere. 

The computer program used in this work is similar to those 

(27) 

discussed by Beeler cc al. ' in the Battelle (killoquiua and 
identified as GLOB. The lattice spacing of 49 gold atoms ou a (100) 
plane shrinks significantly if the unmodified FR potential is used 
but expands if the coefficient p in Che denominator of the exponential 
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teta is coo saall. The oore elabocaca Bolsaicls enacgy axprassloa 

laads CO alaosc no chans* cha l&ceracoDic discancaa in gold. 

a judi ious choice of cha coafficienc p, naaely 0.28 Bohr uaics, 

in cha W expression, we can obcain vaxy good agraaoenC with, cha 

incaraecaic force law calculaced fcoa cha Bolsaicis expcassion. 

BaCCer agraanenc could undoubcedly be obcained by furchar adjust* 

aenc of cha cwo paraaacars r and o. or Slacar exchanga coafficieac or 

o * 

A stellar scudy^^^^ has been carried ouc on nickel. We can 
obcain good asreeranc with shock*wave equacion of scace, i.a. com- 
pressibilities, by assuzd.ng chac Che ef fecclve- nuabar of eleccrcns 
n Is chree and chac nickel is coo conprcssible if the valence is 
assur:ed co be cvo. If the FR energy expression is based on n * 3, 
a iiuui sheec os 49 nicxei. acos>s coilapscs. xc is inuerescioK 
that bcch a two dteensional hexagonal array [characceriscic of Che 

(111) plane] and a FCC unit cell are dynamically stable. Chough 

% 

their cquilibrlun InCerplanar spacir.gs arc scalier than the bulk 
lattice paranecer. Such difficulties can be avoided by adding the 
e]q>oneucial term as Yu and Waber did for gold. A stable (100) 
array of 49 acoss shows only slight comer bulging of 1 or 2 per 
cent, if we use n « 2 and p * 0.28 Bohr. Tuc results on small 
clusters which eight be heterogeneously nucleated will be discussed 
in the lecture but there is not sufficient space to go into 
details here. The purpose of this discussion in which we have 
Invoked an approximate energy expression to obtain an in*'eratomic 
force law is to be a cavcac, chac the interatomic sparings and 
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coafotmaelon of snail macal clusters eousisting of only a fav 
atOBS nay not ba identical «iitL those in the bulk natal. Charac- 
teristically Johnson and collaagues^^^ have used standard inCar- 
atonic distances and derived a considerable asKNint of useful 
infoxaation about energy levels therefrom. Vhile ^ere is nerit 
in finding out how few atoos, separated by the nomal equilibriua 
distance » would lead to a good representation (assessed by the 
energy range of a d-band in a transition metal) of the bulk sKtal, 

it is not clear that answering this question is relevant to snail 

(29) 

clusters on a supported catalyst. Although Johnson^ ' has reported 
that a free leosahedcon of aeons is taore stable chan a siople cube, 
Che aucitors are unaware c£ any detailed actespcs to settle this 
q«iest'*'^ of smaller cluster®. 


LEVEL SHIFTS IX ACETYLglE AM) ETHYLE>:E 
The variety of reactions of olefins on catalytic surfaces 
is of great lnd’:strial and technological importance. It is well 
known that the dehydrogenation of ethylene to form acetylene occurs 
readily on a nickel surface at moderate tes^eratures.^^^^ Also 
the hydrogenation of acetylene can proceed on the same catalyst if 
the pressure is high and the equilibrium is shifted in chat direc- 
tion. Tne direction from which the hydrogen approaches is an 
Interesting question not readily answered by experiment. However, 
quantum-mechanical calculations offer some hope of answering this 


question. 
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Ic is scsusd^^^^ chac cha hydrogaas ata adsorbad Into tha 
oatal. A clustar of oiaa nickal acoot has baaa usai to raptasant 
tha first cuo layers of a (100) surface of a FCC aacal. For oar 
prasaat purposes, va ha«*^ used tha Incaratoaic spacings character- 
istic of the bulk oetal. Wa have used tha saae nickal cluster so 
as to naitttala soae coatinuicy vich the results on oxygen and sul- 
fur and carbon Bonoxide.^^ Both acttylena and etfaylana can ha 
oriented over tha cluster to naiataia the C^y synaatzy. For 
exa^le, tha four hydrogens of C 23 ^ caa either be in a vertical 
plane contalaics the perpaadlcuLar to tha (001) plana as in Fig. 1 
or lie in a hsrizoncal plane containing the cuo carbon a tons. In 
treating the approach of hydrogen atons to the acetylene, they can 
o<**Kas^ in 3 olane (^ 00 ) d' wi »11 4 i« 

the two carbons (arrangenent A of Fig. 2) or lie in the plane which 
is perpeadicalar to the intemuclear C-C line and bisects this 
bond (arrangenenc B). These anangenencs would be compatible with 
the hydrogen atons cooing froa the interior of Che netai (where it 
had been absorbed) and passing between two equidistant Hi atoms in 
Che (001) surface, as shown in arran 7 .eGenC B. The syssaecry is not 
altered if both of Che hydrogen aeons of Che pair are either of 
the heights indicated by a, b, c or d. It is hoped chac these additional 
results can be reported during the course of this conference. 

The shift in eigenvalues of acetylene (without extra hydrogens) 
when this aulocule approaches the nickel surface is presented in 
Fig. 3. All of the levels except the 4a^ shift downward when height 
h bccooes small. The Aa^ state which shifts more slowly chan the 
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lb 2 •sd crosses ic ac abocc 2 Bohr u^ss. TaU scaca chacaccerlses 
cbe 7 boaclsg stare of she esc casbea aeces asd the orbital is de- 
rived aainly free casboa 2po orbitals states. As h becoaes sasllera 
Che a=auac of the carboa 2s fitaetioa ia this state orbital iacreases 
and polarization of 2pr orbitals becooes stronger. Electrostatic 
cepttlslon causes the latter charge to becose localized into Che regiaa 
halfr^ becceen carbon atoos. In such a case, chis state has a 
teadaacy to refsce the influence vhich the potential of Che nickel 
atons ererts. 

The results of population analysis presented in Table 1 for 
free are ccroared with values cbtaixted in earlier calculati ms 

i *. • 

and Jie changes with h are sbosn ia Fig. 4. The net charge on 
carbea acens decreases uhile that oa hydrogen increases rapidly 
■••he rvlecule appro>''*'<»« w^rHin about in»iec nf rho 

nickels. The population in the C>H bond slightly increases. 

ETHyircS OX XI 

Ve have calculated for arrangesents A and B of ethylene 
as it approaches the (001) Ki plane. The various syiaaetriaed 
orbitals used in these Perturbed ;-fc>lecular Calculations coa- 
patible vich the two arrangeaents are presented in Table 2. 

A free nalecule of would have sytaetry whereas acet- 
ylene can be described as However, the perturbing potential 

fzDQ the nickel aeons in the overall cluster reduce the pertinent 
syEsietzy to when h is small. For convenience both labels are 


given in Table 2. 
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EiStavalttM mA Fop^tUsioat of Aettyloat 
For cbo Frto Itoloenlo 



■r (i) 

BF (2) 

HfS (3) 

ElfHoalM ^I) 



- 


-U041 

-1.004 

-0.870 


•0.764 

-0.751 

-0.599 


-0.682 

-0.6S6 

-0.567 

Icr® 

-0.413 

-0.405 

-0.386 

% 

40.176 

40.305 

-0.116 


40.236 

40,475* 

40.047 

Popclati-xi 




H la 

0.741 

0.8U 

0.509 

C Is 

1.999 

1.997 

1.999 

2s 

1.20S 

1.105 

1.196 

^x,y 

1.000 

1.000. 

1.000 


1.031 

1.086 

1.296 

<C-H)jg 

0.382 


0.357 

U 

0.370 


0.319 

COttol 

0.752 


0.676 


(1) Barcree-Fuck: L. C. Snyder and U. Sasch, *^lccular Wave E^ncciont and 

Properties, ** Jolm Wiley & Sons, 1972. 


(2) Harcree-Fock: W. E. Palke and W. K. Upscood*, J. 4a. Chea. Soc. 6 ^ 
2384 (1966). 


(3) Non-sclf-consiscenc lUrcrce-Fock-Slaccr: this work 




Populotion Numbers 



h (Bohr Uni 1s) 
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Syiranctrlzod Orbitals for bt'^ylono with Ilydrogun Arrangomonts 


^2V 

*’2h 

PniMl Icl 

I'crpcndiculnr 

Orbital 

Shape 

Orbital Combination 

Combination 


"l 

mm 


snmo 




“1 

»>Iu 


H'jma 

•»2u 

S — 3 


mm 


aomo 



•l 

“b 

« o> + ^ ^ , 



*0 (“J) ...0 (5) 

A fl 

+0^(6) 

**2u 






Anmo 

'*2n 




>--< 

not opp lie able 

m 


’‘l 

’’3.. 

n 

aamo 

’'3ii 

o 

tat 



ROmo 

Dll 

msMn 

Sis ■ 



sAmo 

m 

CO CO 
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3F POOR Q 


> * /'•> - 

^ 

^S <®S 

1 

f/) (c i 

^7. 

'*2u 


nnmo 

”2u 


*>2 

**2.i 

. ,„('■) ,.<^> - ,.(0, 

nut applicable 

a 



*ilu BO differ by 0 ^ rui ntion of tli?;' Jc n-’-la of Uio rco iiiolocul.at Tltose orbltnls mnrkod "parnllsl" 
mo for the Z axis of the imilcailoa pariilhil to 1 1 « Y oxts of eh* cluster. Thos* in the riche hdnd 
sldu of the table aru for Its Z axis pacallol to '(01], as sliown in Fig. 1. Covtain sytuneCry labels 
ore, tlioreCore, intcrchangod. 
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Shifts of levels vlch h for the parallel orieatatioa are 
shovn la Fig. 5. The Aa^^ level begins to drift downvard at 
relatively large h and it crosses the la^ level at about 5 Bohr. 

The latter is constructed BSinly of carbon 2p orbitals assaalAg 
that the z asis is perpendicular to the nickel surface. 

The present population nuebers conputed for the free ethylene 
Bolecule are coepared in Table 3 with those found in earlier cal* 
culations. Fig. 6 illustrates the related changes in population 
ambers as h decreases. The charge on carbon atoms decreases 
slightly to a cinizai at h a: 3 Bohr and then increases. I: is 
interesting to n-stlce that the change in C-H bond, namely * 

increases isiciallv and decreases at snail h. It becmes saaller 
chan chat for the free rsolecule vhen distance of approaching h ' 
saaller than about 3 Bohr. 

In this arraagenent, vherc the two lover hydrogen acoss (H ) 
appcx>ach collinearly and parallel to the (0311 direction, there can be 
very little separation, between these two hydrogens and two of the 

nickel atons. The carbon atoms and the other hydrogen atoms are farthe 
away from the surface. Ve now see quite different behavior from the 
parallel case. Fig. 7 illustrates the rather corplicated shifts in 
the eigenvalues. The orbital functions of the 3a^. 5a^. and 

4b^ levels include relatively large amounts of the lower hydrogen 
atoms Is as well as of carbon 2p^ functions. Thus these levels start 
to fall rapidly at the rather large height h of about 6 Bohr while 
remaining levels only begin to shift at about 5 Bohr. 
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Eigenvalues and ?o?ula:lons of Ethylene 
For the Free Molecule 



HF (1) 

HT (2) 

EET (3) 

HFS (4) 

HFS (5) 

Eigenvalue (ER) 







-1.038 

-1.014 

-0.992 

-0.659 

-6 .829 

»3u 

-0.791 

-0.782 

-0.758 

-0.486 

-0.647 

ll>2u 

-0.646 

-0.643 

-0.596 

-0.376 

-0.526 


-0.585 

-0.561 

-0.531 

-0.307 

-0.520 

“is 

-0.504 

-0.506 

-0.506 

-0.264 

-0.447 

11»1« 

-0.375 

-0.370 

-0.486 

-0.188 

-0.382 


40.145 

+0.242 



-0.185 

Population 






H Is 

0.S25 

0.860 

0.881 

0.781 

0.540 

n 1 — 

1.999 

1.996 



2 903 

2s 

1.269 

1.197 

1.183 

1.285 

1.451 

2?x 

1.097 

1.072 

1.106 

1.072 

1.066 

2?y 

l.OOO 

1.03Q 

*0.962 

1.000 

1.000 


0.983 

1.013 

l.lOo 

1.013 

1.403 

(C-H) total 

0.719 


0.813 

0.792 

1.147 

(1) Hartrce-Fock; 

L. C. Snyder and H. Basch, 

"Molecular 

Wave Functions 

and 


Properties," John Wiley & Sons, 1972. 

(.2) Hartree-Fock: W, E. Palke and W. X. Lipscosl, J. Aa. Chea. Sv^c, 88. 

23SA (1966). 

(3) Extended Kuckcl aodcl: R. Hof<^-nn, J. Chea. Phys. 39, 1397 (1963). 

(4) Self-consistent Hartrec-Fock-Slater: E. J. Baerends and ?. Bos, Chem. 

Phys. 2, 52 (1973). 

(5) Son-self-consistent liarcree-Fock-Slater: this work. 


Population Numbers 
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Drasacic changes in pcpulacion nuc±ers begin to occur when 
h becoaes about 6 Bohr, as shown in Fig. 8. The charge on the 
lower two hvdrogen atons (H^) increases rapidly, while the 
population of the carbon atoms and in the carbon-lower hydrogen 
bonds decreases. It is reasonable that population number of the 
upper two hydrogens (3^) and in cazbon-hi^er hydrogen bonds do 
not change very ouch; the former decreases and the latter increases 
sli^tly. 

I DISCJSSION 

So far ve have not calculated transition probabilities. There 
are sufficient problems associated with perfoming accurate self- 
consistent charge calculations and ve are not convinced of the 

iity cf cnr ttttl • — 1 — The cstiia.n.iun jj. 

transition probabilities x.'ill not be undertaken until these other 
questions are e:<plored and Che best procedure settled on. 

There are several broad peaks which are found in UPS and INS 
data for oxygen and for carbon monoxide adsorbed on nickel. 

They differ in intensity from one adsorbate to another even though 
they are located in approximately the same energy region several 
volts below Che Fermi level. It is reasonable to expect Chat the 
probability for photoionization and the transition probability be- 
tween electron levels will vary from level to level and from ad- 


sorbate to adsorbate. 
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The present perturbed calculstlons as well as those 

where we have done to attain a self-consistent charge yield only 
discrete £ values. They are discrete since only a stsall nuabec of 
atoms are involved. However, the UPS and INS data are collected 
using essentially bulk metallic specimens which are covered with 
the adsorbate. Even If the changes In electronic charge density 
occur in only the first few layers of metal [that this number Is 
large is c»re likely If the trm. icing plane is a high index (hkl) 
plane] , the substrate-absorbace complex will have a two dimensional 
periodicity. Since the MO states near die Fenai level are derived 
principally fro.? atomic s and p states, and these correspond to 
zero cosencun •'k *= 0) or F states in the band picture. The con- 
sequence or including c ui — L ulcc v/u 

four atonic layers thick) ui"*! be chat there will be a spread and 
an upward trend of the E(k) in the two dimensional Brillouln zone. 
Thus the fact that on our sclf-consistent calculations for 0 on a 
Ni cluster and S on a Ni cluster now lead to energy values which 
are lower than the average position of the UPS and INS experitencal 
bands, should not be viewed as evidence chat ther^ is a real defect 
of the present method. 

We are currently working to remedy this feat. . but no results 
are available. Had the UPS and INS results bC-.i obtained for adsorp- 
tion on a supported catalyst, then some questions might legitimately 
be asked about the reliability of the present method. 
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As cctei above, tha i':hObOicniza::lor. pcoccas nrust ba carefully 
haadleti. If che secallic cluscars are elaccrically isolated vhea 
supported on the Al^O^ and aaorphous SiO.,, Chen the electron 
ejected by che photon cusc coze from che nickel atoms in t^e 
proxisity of the adsorbate. This in itself would ali^tly modify 
the energy levels in the adsorbs tc even if the nickel atom were 
not contiguous to che adsorbed molecule. 

At che sosetc, in order to obtain reasonable agreeisenc 
Lecueen these CPS and I^S b'inds we find that either 0 or S atoms must 
have an e:-:cess charts cf iron 0.3 to 0.5 electrons, to yield 
energy levels (calculated in accordance >-ich Slater's transition 
state theor>') •..•hich are in r.na right energy range, i.e. positive 
enough. The source, of this excess charge is not specified. It is 
tacitly assur.au that it ras initially ootained from the bulk 
nickel. Tne iorcation of negative c::>'gen and sulphur is un- 
reasonable since considerable charge cransitir auist occur to make 
crystalline NiO or NiS reaction layers. The present calculations 
only relate to the "necessary" precursor, a chemisorbed layer. 

Tlie UPS and IXS experiments have been done using a complete 1 r 

centered (lOO)Ni- c (2x2) ; this arrangement is verified by LEE3 
(32> 

measurement. ' In order for the photoeaission to be more 
strongly influenced by the acsorbate than the bulk substrate, it 
appears very likely to Che authors that the electrons involved in 
the ionization process orbitals arc locali cd in che nickel- 


adsorbate bonds. 
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Ose problw-, ch^a, of :i::kir .5 « cctr.ilca cczipsriscn with Easaan's^ 

photcicsizatioa data is how co dacide just where to rezove oae-half 

of an. elecczoa frca distributed orbitals in a taolecular cluster. 

Johnson^^^^ has used such transition state calculations for his 

(KSC-Xn) study of aolecular clusters with rather good success in 

Creating the excitation spectra of colecules. So the pcoblea may 

not be serious but aerits so=» further attention. 

Sene years ago in ccnnecticn with a study of the binding 

(34) 

energy of on electron i: a tree arts, Libemsr. and Kaber 
showed chat Kccrwtn's theory is not valid except in sudden ap- 
proximation. This is certainly not true in a Eartrec-Fock-Slater 
approxinac icn but is also not exactly true in a Hartree-Fock 
case. The cessured binding enc-rt;- is obtairied for the adiabatic 
apprvxitacion, i.e. recrtv-r.-^.n.-.-.c at i..r.cr electron occurs. After 
detailed comparison of non-relativistic Hartree-Fock total for 

Z electrons and for Z-1 electrons, the removal enerrrv was found 
f S' 

by Wood^ ^ tc be very close co half vay berueen the eigenvalue 

(for a cerca:.n n£ level) calculated for q . and recalculated self- 

nx 

( 4 ) 

consistently icr c^,-l electrons. Carerul analysis by Slater 
shoved tnat no sericus difficulty arises if one assur:es fractional 
occupation nurbers for . in deriving the sot of coupled dif* 
ferencial using the Raylcigh-Ritn Variational principle. He 
proposed a hypothetical transition state with cnc-half of the 
electrons in the initial state and cnc-half in the final state. 

This has been subjected to rthcr tests and found to yield ver>^ 
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good 4g7uer:*nc for azoc.s, it is the authors' opinion that the 
details of usin^ it for nolecules are not as well studied. 

CON’CLUSICy 

Calculation for acetylene and ethylene nolecules perturbed 
by tr.e potential froa nine atoss of a (100) nickel surface have 
been carried out to study the shifts in the eigenvalue and popula- 
tion nu'^ber of these nolecules when they approach the surface. 

Froa the present population analysis it is found chat populations 
in C-H bends and in carbon orbitals increase slightly when 
acetylene approaches the surfare. Accoriingly, vc can expect that 
these chenpos in fact strengthen the C-H bonds and provide electrons 
CO sake C-'-i bonds. It is also reasonable to speculate that the 
"bound'* colcculo is sin.j.lar to a free radical aftc* such electron 
transfer and reactions vita it r..:y occur no re veadi y. 

In contrast, durinp the appreack of ethylene, C-H bonds tend 
to lose charge at sn^all values of h. This loss is stronger wl;cn 
the ethylene approaches vith its rolecular plane perpendieu’ ar to 
the surface. In this case, the population nunber in bonds between 
carbon and the lower two hydrogens (U.) decreases rapidly while 

i. 

that of the upper c urbon-hydroj:cn bonds sli^hclv increases. This 
tieans that a di^scciative adsorpeion inro an acetylene plus tvo 
hydro j;cn a tens can be expected. 
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CA?TIO’‘:S 


Fig. 1. lllcstratloa of tvo arraateaoncs of the hydrogea acoos la 
aa ethylene salecule as It approaches a nine atoo. cluster 
of nickel accns. The a::is of qucaclzation is Z axis vhich 
is parallel to [00l3 direction of the cluster. 

Fig. 2. Possible locations of tvo hydrogen utoas as they approach 

ao acetylene nolecule oriented along the X axis. In arrange- 
sent A, the H>H line is also parallel to the X axis whereas 
in arrangeneat B, this line is parallel to Y. 

Fig. 3. Shift ia eigenvalues of acetylene as it approaches the Ki 
cluster. The symmetry labels of the free taolecule are 
presented on the right side at h * s. 


Fig. 4. Changes in the population cunbers for acetylene as it 
approaches cae Si cluster. 

Fig. 5, Shift in MO eigenvalues for ethylene uich its hydrogen atoa 
on different Si parallel to the Y direction of the cluster, 
i.e. dotted lines in Fig. 1. 


Fig, 6. Changes in populction 
hynrogc*. ^ 


r_nbcrs for ethvlene with the four 


Fig. 


Ethylene MO eigenvalues for its hydregen atons being per- 
piindicuiar to the Si Tooij plane, so. id circles ia Fig. 1. 

Populctioa chentas in ethylene with hvdrogen atons per- 
pendicular to Si surface, i.e. parallel to the COOl] direction. 


Fig. 8 
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